As selective serotonin reuptake inhibitors (SSRIs) are among the most commonly prescribed medications in autism, we aimed to determine whether targets for SSRIs are differentially affected in three cortical areas in children and adults with autism compared to neurotypical individuals. Utilizing a large cohort of postmortem brain tissue (n = 14-19 per group), saturation ligand binding assays were conducted on sections from the anterior cingulate cortex (ACC), posterior cingulate cortex, and fusiform gyrus (FG). Specific binding to the 5-HT transporter (5-HTT) as well as to 5-HT2 and 1A receptors (5-HT₂, 5-HT 1A ) was quantified in superficial and deep layers of each region using the ligands [ 3 H]-citalopram (5-HTT), [ 3 H]ketanserin (5-HT 2 ), and [ 3 H]-8-OH-DPAT (5-HT 1A ). A Welch's t-test was utilized to compare receptor densities (B max ), revealing a statistically significant decrease in 5-HTT within the ACC of the entire autism cohort. There was also a
decrease in 5-HT 2 receptor density in the ACC in the adult cohort, but not in child postmortem autism cases as compared to controls. Comparing linear regression lines of B max values plotted against age, shows a significantly lower intercept for 5-HTT in autism (p = 0.025). 5-HT₂ density increases with age in control cases, whereas in autism there is a decrease with age and significantly different slopes between regression lines (p = 0.032). This suggests a deficit in 5-HTT within the ACC in individuals with autism, while decreases in 5-HT₂ density are age-dependent. There were no differences in receptor densities in the posterior cingulate cortex or FG in autism and no differences in ligand affinity (K D ) across all regions and ligands examined. Keywords: anterior cingulate cortex, autism, selective serotonin reuptake inhibitors (SSRIs), serotonin receptors (5-HT2, 5-HT1A), serotonin transporter (5-HTT). J. Neurochem. (2019) 151, 642--655.
Peripheral hyperserotonemia was the earliest demonstrated neurochemical change in individuals with autism spectrum disorders (ASD) (Schain and Freedman 1961) and has since become the best replicated biomarker, as recent metaanalyses conclude that hyperserotonemia is present in 25-45% of the autism population (Gabriele et al. 2014; Chen et al. 2017; Eissa et al. 2018) . Furthermore, whole blood maternal serotonin levels during pregnancy are associated with altered cognitive abilities and core neurodevelopmental outcomes in offspring with ASD (Montgomery et al. 2018) .
In the last decade, attention also has been directed toward the study of central serotonin levels as serotonin (5-HT) plays important roles in neurogenesis, cell migration, synaptogenesis, plasticity, 5-HT transporter (5-HTT) function, and signalling during brain development and maturation, as well as a variety of other neural processes (for review see: Garbarino et al. 2018) . The usage of drugs targeting 5-HTT has been increased in an effort to treat symptoms of depression and/or other core symptoms in a variety of neuropsychiatric disorders. In a Centers for Disease Control and Prevention report, between 2011 and 2014, 12.7% of persons over 12 years of age had used antidepressant medications in the previous month, 68% took these medications for 2 years or more, while 25% took them for 10 years or more (Pratt et al. 2017) .
Selective serotonin reuptake inhibitors (SSRIs) have been effective in treating patients with major depressive, anxiety and obsessive compulsive disorders and have been widely prescribed to individuals with autism for the treatment of repetitive behaviors (King and Bostic 2006) , as 21-32% of chlidren with ASD are prescribed one or more antidepressant medications (Langworthy-Lam et al. 2002; Aman et al. 2003; Oswald and Sonenklar 2007) . Pharmacotherapeutic treatment for individuals with autism has been largely offlabel (Oswald and Sonenklar 2007) and often not directed toward core symptoms of the condition (Gibbs 2010) . In a seminal clinical trial by King et al. (2009) , citalopram hydrobromide, an SSRI that primarily targets 5-HTT, was administered to 149 children with ASD aged 5-17 years for 12 weeks from six academic institutions. Instead of seeing significant improvement in symptoms and/or behavior, the citalopram hydrombromide group experienced adverse effects of the drug, including increased energy level and hyperactivity, insomnia, reduced concentration, impulsiveness, and stereotyped behaviors. Recently, a case report in which four children 6-12 years old with ASD were given low doses of the SSRI fluoxetine found improvement in attention-deficit/hyperactivity disorder-like symptoms, irritability and/or self-injurious behavior (Lucchelli and Bertschy 2018) . Previously, Hollander et al. (2012) found improvement in repetitive behaviors in adult ASD subjects who were administered fluoxetine while McDougle et al. (1996) , in a clinical trial using the SSRI fluvoxamine, reported improvement in aggressive behavior in adult ASD patients. However, a Cochrane Review including 320 participants concluded there is no evidence for SSRIs as effective treatments for autism in children, but there is limited evidence for effectiveness in adults (Williams et al. 2013) . These and other studies suggest that there are differential effects depending on the specific dose-dependent SSRI administered, with citalopram being the least effective in ameliorating or modulating autism-related behaviors.
Nevertheless, there is substantial evidence that 5-HT systems are altered in ASD in both humans and in animal models (for review see: Muller et al. 2016) . Many individuals with ASD and some of their family members have increased blood 5-HT levels (Schain and Freedman 1961; Cook and Leventhal 1996; Lam et al. 2006; Gabriele et al. 2014 ) and genetic variation in 5-HTT in some individuals with autism has been reported (Yonan et al. 2003; Devlin et al. 2005; Sutcliffe et al. 2005; Kistner-Griffin et al. 2011) . Positron emission tomography (PET) imaging studies have demonstrated abnormal 5-HT synthesis in brain regions in autism (Chugani et al. 1997; Chugani et al. 2001; Chandana et al. 2005 ) and a polymorphism in the gene for the serotonin transporter (SLC6A4) has been associated with increased cerebral cortex grey matter volume in children with ASD (Wassink et al. 2007 ).
These early clinical, imaging, and genetic studies demonstrated 5-HT alterations in the autism brain, supported the use of 5-HT as a biomarker and suggested the potential for novel biomarkers to be found in different 5-HT receptor subtypes, which led to several imaging studies that focused primarily on high-functioning individuals with autism. A PET imaging study of a high-functioning autism cohort (n = 20, 18-26 years of age) revealed decreased 5-HTT binding in the anterior cingulate cortex (ACC), posterior cingulate cortex (PCC) and thalamus, which was associated with behavioral changes, including impairment of social cognition and repetitive/obsessive actions and interests (Nakamura et al. 2010) . Makkoen et al. (2008) used single photon emission computed tomography on a small group of high-functioning children and adolescents and found decreased 5-HTT binding in the medial frontal lobe, especially in the adolescent cohort, whereas 5-HTT binding in the midbrain and temporal lobe was normal. In another imaging study, Murphy et al. (2006) utilized the ligand 123 I-5-I-R91150 that shows selectivity for 5-HT 2 receptors and reported significant binding decreases associated with social communication deficits. Additionally, parents of children with ASD have been reported to have significantly decreased cortical 5-HT 2 receptor binding, with a negative correlation to their platelet 5-HT levels using PET imaging (Goldberg et al. 2009) .
In contrast to high-functioning autism, there is a paucity of investigations that include idiopathic autism cases, making it difficult to generalize potential pharmacotherapies toward affected receptors across the autism spectrum. In one of the few studies of idiopathic autism, Azmitia et al. (2011) utilized immunocytochemistry in postmortem autism and neurotypical control cases 2-29 years to label serotonergic fibers in the forebrain cortical white matter and their projections into the temporal cortex. These investigators identified an increased number of 5-HT axons in the autism group, leading to the conclusion that physicians should use caution in prescribing SSRIs to children. These authors also postulated that the increased number of 5-HT axons could have profound effects on 5-HT receptor subtypes, including the presynaptic 5-HT 1A receptors and the abundant 5-HT 2A receptors, thus affecting synaptogenesis and ultimately function.
However, there are very few studies analyzing 5-HT receptor differences within the postmortem brain of individuals with autism. Our initial findings based on single concentration ligand binding studies in young adults with ASD provided strong evidence for alterations in brain 5-HT systems in autism due to the high sensitivity of autoradiography methods, with reductions in density of 5-HT 1A and 5-HT 2A receptors in the PCC and fusiform gyrus (FG), but no change in binding to the transporter 5-HTT (Oblak et al. 2013) . This suggested that pharmacotherapies targeted toward affected 5-HT receptor subtypes identified within different individuals may lead to improved therapeutic outcomes.
We thus aimed to expand on our initial single concentration ligand study (Oblak et al. 2013 ) by increasing the cohort size and comparing multiple concentrations of three 5-HT ligands in three cortical regions within ASD cases that span a range of severity in diagnosis. In addition to the PCC and FG, we included the ACC, which had not been evaluated in the previous study. Here, we perform multiple concentration saturation binding assays in a cohort of human postmortem brain tissue from individuals with idiopathic autism as compared to age-matched neurotypical control brains. This design allows for determination between a change in receptor density (B max ) and/or a change in ligand affinity (K D ), which might arise due to posttranslational modification of receptors, receptor oligomerization, or association of receptors with modulatory proteins (Nichols and Nichols 2008) . 5-HT 1A and 5-HT 2 receptors, as well as the transporter 5-HTT, were quantified in both superficial and deep laminar layers in the ACC, PCC and FG. This larger cohort allowed for separation of cases based on age (adults > 16 years and children/adolescents ≤ 16 years) to mimic clinical trials that found differential age-related results with SSRI use.
In one of the largest postmortem autism studies to date, our results indicate alterations in the 5-HT system within the adult ACC. The ACC is one of the most consistently reported abnormal cortical regions in behavioral, imaging, and pathological studies in autism (Bauman and Kemper 1985; Bailey et al. 1998; Simms et al. 2009; Forde et al. 2018 ) and plays fundamental roles in cognitive processes such as motivation, decision making, learning, cost-benefit calculation, as well as conflict and error monitoring (Shackman et al. 2011; Holroyd and Yeung 2012; Rushworth et al. 2012; Shenhav et al. 2013; Ullsperger et al. 2014; Holroyd and McClure 2015; Verguts et al. 2015; Laubach et al. 2015; Kolling et al. 2016; Apps et al. 2016 ). An emerging role for the ACC in social cognition, particularly tracking the motivation of others (for review see: Apps et al. 2016) , may be especially relevant in the context of ASD as it is thought that autistic individuals lack social motivation (Mundy and Neal 2000; Dawson et al. 2005; Schultz 2005; Chevallier et al. 2012) . Therefore, the ACC may represent a vulnerable area in ASD, which has been shown to have relevance to ASD specific behaviors.
Materials and methods

Postmortem tissue
Human postmortem brain tissue was obtained from the University of Maryland Brain and Tissue Bank, a brain and tissue repository of the NIH Neurobiobank, and from the Harvard Brain and Tissue Resource Center of the Autism Tissue Program, which is now Autism BrainNet. Case demographics are provided in Table 1 . Fresh frozen tissue blocks from the left hemisphere of three cortical regions including the ACC (n = 19 control, n = 18 autism), PCC (n = 18 control, n = 19 autism), and FG (n = 18 control, n = 14 autism) were sectioned coronally at 20 µm on a cryostat and kept frozen at À80˚C. There were no statistically significant differences in total case ages (p = 0.14) or postmortem interval (p = 0.23) between autism and control cases using a Welch's t-test. All autism cases had confirmed diagnoses through the autism diagnostic interview-revised (ADI-R) scores and/or received a clinical diagnosis of autism from a licensed psychiatrist. Ten autism cases had at least one seizure reported and seven had reported medications (Table 1) .
As this reasearch did not involve live human subjects, Institutional Review Board approval and informed consent was not necessary. However, the University of Maryland Brain and Tissue Bank is overseen by Institutional Review Board protocol number HM-HP-00042077. This study was not pre-registered. Table 2 . All tissues included in each assay were processed under the same conditions at seven different concentrations that spanned 0.51 to 139nM in order to obtain saturation binding curves for each ligand (Oblak et al. 2011) . Two thawed 20 µm sections from each case were used to quantify total binding at each concentration of ligand and one section from each case was exposed to the ligand as well as 100 µM of a displacer (imipramine hydrochloride AAJ6372306, Fisher Scientific, Waltham, MA, USA (2016); ritanserin 1955, Tocris Biosciences, Bristol, UK (2016) and serotonin hydrochloride 3547, Tocris Biosciences (2016)) to determine non-specific binding (Table 2) , which was subtracted from the total binding to yield specific binding of the ligand to the respective receptor subtype. All tissues went through a pre-incubation in buffer without ligand (5-HT 2 : 50 mM Tris-HCl (pH 7.4), 4 mM CaCl2, 0.1% ascorbate; 5-HTT: 50 mM Tris-HCl (pH 7.4), 120mM NaCl, 5mM KCl; 5-HT 1A : 170 mM Tris-HCl (pH 7.6), 4 mM CaCl2, 0.01% ascorbate) for 30 min before being exposed to the ligand and were then rinsed three times for 5 min in buffer followed by one dip in distilled water and allowed to air-dry overnight. Slides were placed in X-ray cassettes with [ Electron Microscopy Sciences (2015)] for 4 min at 23°Cand washed with a stream of water for at least 1 h and air-dried.
Saturation ligand binding assays
Data analysis
Autoradiographs of the tissue sections exposed to film were digitized with a QICAM digital camera (QImaging, Surrey, BC, Canada) and analyzed using MCID Core 7.1 Elite Image analysis system software (InterFocus Imaging Ltd, UK). Calibration of each film with its own [ 3 H] standard allowed for comparisons across films by choosing one representative standard curve and normalizing all other standard curves and images to it within the MCID software (Linton, UK). The standard curves allowed for conversion from optical density to nanocuries per milligram (mg). Binding in the superficial layers (I-IV) and deep layers (V-VI) of each cortical region ( Fig. 1) was sampled with the ribbon tool running along the length of the observable region of interest then converted to femtomoles per mg of protein based on the specific activity of each ligand. The ACC, a limbic cortical area, lacks layer IV, thus superficial sampling in the ACC includes layers I-III. The experimenter was blinded to the diagnosis of the cases during sampling. After background subtraction, these total binding values were plotted against the concentration of ligand and fitted with nonlinear least squares regression to generate saturation binding curves in GraphPad prism 6 to estimate the number of receptors (B max ) and binding affinity (K D ) of each ligand for each case.
Statistical analyses
Equality of variance was calculated with an F-test, and since many of the autism ligand groups compared to the control groups did not show equality of variance, Welch's t-tests were performed to determine differences in the number of estimated total receptors (B max ). Since the statistical distribution of fitted K D values is lognormal (Delean et al. 1982) , averaging, calculation of standard errors, and significance testing were carried out on the negative logarithm of K D (pK D = ÀlogK D ) (Oblak et al. 2009 ). Student's ttests were conducted to compare binding affinity for each ligand in each brain region (Table 3 ). An assessment of normality was conducted using the Shapiro-Wilk test and both control and autism B max and K D values followed a normal distribution. Regression analyses were carried out in Microsoft Excel (2013) and fitted with trendlines to obtain R 2 values. Student's t-tests were utilized to compare the slope and intercept (elevation) of the trendlines between autism and control groups. As we used all available tissue obtained from the respective brain banks, a power analysis was not carried out and no tests for outliers were conducted.
Results
Each of the three cortical regions, ACC, PCC, and FG were included in all three ligands; [ 3 H]-ketanserin (5-HT 2 ), [ 3 H]citalopram (5-HTT), and [ 3 H]-8-OH-DPAT (5-HT 1A ). The superficial (Lamina I-III in ACC; I-V in PCC and FG) and deep layers (Lamina V-VI) were approximately delineated from adjacent Nissl stained sections and autoradiographs as shown in Fig. 1 . Anatomical levels were matched as much as possible based on whole tissue blocks provided by the brain banks. The receptor distribution pattern based on the ligand binding was mostly homogeneous with [ 3 H]-ketanserin and [ 3 H]-citalopram across layers, whereas [ 3 H]-8-OH-DPAT had high binding in the superficial layers of the cortex as compared to the deep layers at most ligand concentrations, which saturated at a similar level with higher concentrations of ligand. The autism ACC case shown in Fig. 1 had similar binding to the control case for 5-HT 1A , but had lower binding for both 5-HT 2 and 5-HTT indicating receptor-specific alterations in the serotonergic system in some autism cases within the ACC. These alterations are readily observed when comparing saturation binding curves in the ACC for control cases versus autism cases (Fig. 2 ). There were no group differences when comparing the B max or K D of all autism and control cases for 5-HT 1A and 5-HT 2 , however, a decrease in B max for 5-HTT binding was significant for the autism group (Table 3) . Intriguingly, when separating total control and autism cases into adults (> 16 years) and children (≤16 years) it appears that the adult cases are mostly driving the group decrease in 5-HTT binding. Furthermore, separating analysis of children and adults for 5-HT 2 binding revealed a statistically significant decrease in B max for adult autism cases that was not apparent when comparing the autism and control group as a whole. This indicates a similar receptor number in the ACC when comparing controls and children with autism, but a tendency for autism cases to have lower binding levels of 5-HTT and 5-HT 2 than controls in adulthood.
While the separation of children and adults mirrors clinical studies, the cutoff age of 16 years isn't necessarily biologically relevant, as development occurs over a continuous time course. Therefore, further analyses were carried out to more clearly define the relationship between age and 5-HT receptor expression. Plotting B max values against age ( Fig. 3 ) reveal similar slopes for 5-HTT density (p = 0.94), but an intercept (elevation) that is significantly lower in the autism group across ages (p = 0.025). 5-HT₂ density increases with age in control cases, whereas in autism there is a decrease with age and significantly different slopes between regression lines (p = 0.032).
The results from the three ligands and three cortical regions also indicate that disruptions in the serotonergic system are region specific. There were no differences in B max or K D for any ligand in the PCC or FG (see Figures S1, S2; Tables S1, S2). There were not enough female cases in the cohort to analyze differences between gender; however, the two female cases (1401 and 5771) in the adult autism group of the ACC had B max values that fell in the normal range of controls but higher values of the autism group, suggesting the need to analyze a larger cohort to determine if this decrease in serotonin receptors is gender specific for males.
Since some of the autism cases had a history of at least one seizure, Welch's t-tests were conducted to compare the B max means for each ligand between autism cases with a seizure history and without. There were no statistical differences in T-tests were performed as described in methods to compare autism (orange) to controls (black) within groups of adults only, children only, and total cases. Asterisks mark significantly different group means. ketanserin p = 0.09 and [ 3 H] citalopram p = 0.53. There was also no correlation of B max values to postmortem interval ( Figure S3 ).
Although the number of autism cases with ADI-R scores available was limited for tissue obtained from the ACC, when plotting against B max values (Fig. 4 ) a significant relationship between expression and symptom severity was observed for 5-HTT (R 2 = 0.9839), but not for 5-HT₂ expression (R 2 = 0.2234).
Discussion
Given the longstanding implications of 5-HT dysfunction in ASD and common use of SSRIs to ameliorate adverse behaviors, it is important to determine which receptor subtypes may contribute to ASD symptoms and thus be amenable to pharmacological intervention within the central nervous system. In the present study, the ASD cohort from the PCC and FG displayed normal density and ligand affinity for 5-HT 1A , 5-HT 2 , and 5-HTT. However, in the ACC, while the 5-HTT assay showed significant density decreases within the entire autism group (adults and children), this difference was most prominent in the adult autism cases, since the group of children mean 5-HTT density remained unchanged. However, age regression analysis showed a consistent reduction in 5-HTT across ages, as indicated by a lower elevation of the regression line. Whole group 5-HT 2 density was not altered in autism, however, when analyzing children [ 3 H]-ketanserin had a decreasing slope in the autism group (n = 18) that was significantly different (p = 0.032) from controls (n = 19). [ 3 H]-citalopram had no difference in slope (p = 0.94), but had a significantly lower intercept (elevation) compared to controls (p = 0.025). n = individual postmortem cases. ACC, anterior cingulate cortex; 5-HT, 5-hydroxytryptamine (serotonin). and adults separately, the adult ACC autism cases again show significantly decreased density of 5-HT 2 receptors. Furthermore, 5-HT 2 receptor expression increased with age in controls, but decreased with age in autism. This demonstrates age-dependent differences in 5-HT within the ACC in a subset of ASD individuals. These findings are particularly intriguing in light of the clinical efficacy of SSRI use. SSRI drugs are commonly administered to individuals with autism, as up to 80% of children with ASD experience clinically significant anxiety (Muris et al. 1998; Leyfer et al. 2006; Simonoff et al. 2008) . Nadeau et al. (2011) concluded, in a review of treatment studies, that cognitive-behavior therapies may be more helpful than SSRI administration in youth with ASD. As reaffirmed in the 2013 Cochrane Review (Williams et al. 2013) , there is no conclusive evidence that children benefit from SSRIs, but have been shown in major clinical trials to have significant adverse outcomes (e.g. King et al. 2009 ) in contrast to some adults with autism that do benefit from SSRIs. Our data parallels this information in that only a subset of adults with autism (> 16 years of age) have decreased density of 5-HT 2 and 5-HTT in the ACC, but children appear to have normal levels in all three cortical regions evaluated. It remains to be explored whether there are similar 5-HT receptor deficits in other brain regions in autism or whether the ACC is a more susceptible area than other cortical brain regions.
A possible explanation for inconsistent results within the literature regarding the 5-HT system in ASD is the heterogeneity inherent to the condition amidst small sample sizes. For example, genetic polymorphisms in the 5-HT transporter have been implicated in ASD (Yonan et al. 2003; Devlin et al. 2005; Sutcliffe et al. 2005; Kistner-Griffin et al. 2011; Najjar et al. 2015) , however, it is only a subset of individuals, presuming the majority of ASD cases do not show genetic differences in 5-HTT. Furthermore, most imaging studies involving ASD, as discussed in the introduction, focus on high-functioning individuals that may not be representative of the entire autism spectrum. The data presented here show mean decreases in receptor density in superficial and deep layers of the ACC in the adult autism groups, but several autism cases fall within the normal control range, indicating that not every autism case shows differences in specific 5-HT receptor subtypes in the examined areas. Furthermore, while hyperserotonemia is considered the best replicated biomarker in autism, it still represents less than half of the ASD population (Gabriele et al. 2014) . For these reasons, treatments for ASD should be tailored to the individual. As tests for peripheral hyperserotonemia and genetic variants become more widely available, future studies evaluating the efficacy of SSRIs in autism should divide individuals into subgroups based on evidence of 5-HT disruption. As demonstrated by the data presented and by clinical SSRI outcomes, age of the individual may be a key factor for positive clinical outcomes, however, not all studies divide cohorts by age. For example, in a 6-week open label trial with 44 participants with autism, two increasing daily doses of the SSRI escitalopram resulted in improvement on insistance of sameness and irritability symptoms irrespective of whether individuals had polymorphisms of 5-HTT (SLC6A4) or of the 5-HT2A receptor (HTR2A). However, differences in age groups were not reported despite subjects in the study falling between 5 and 44 years old (Najjar et al. 2015) . Interestingly, symptom severity was correlated with 5-HTT expression, but not with 5-HT 2 receptor expression. Higher ADI-R scores represent increased symptom severity, which was correlated with higher 5-HTT expression in a subset of autism cases in which ADI-R scores were available. It is not clear why higher expression would be correlated with symptom severity, as control cases have higher expression. However, the expression of 5-HTT is dependent on a diverse set of mechanisms (Daws and Gould 2011) . As 5-HTT is the uptake site of 5-HT, its regulation is dependent on 5-HT expression. If there is an increase in brain serotonin (central hyperserotonemia), a downregulation of 5-HTT would help to offset its effects and if individuals were unable to downregulate 5-HTT (due to a polymorphism or other reason), that heightened 5-HT within the brain could be associated with more severe autistic symptoms. Further research is needed to clarify the development of the serotonergic system in autism, particularly in how receptors respond to altered levels of 5-HT during development of the brain. The results of the present study also suggest that 5-HT dysfunction may be secondary to other mechanisms or emerge as a compensation pattern within disrupted circuits. As suggested by our data, if the 5-HTT reductions begin in childhood, it is possible that the reductions in 5-HT 2 in adults are occuring in response to this initial deficit. Further studies that evaluate changes in 5-HT in ASD with age will be needed to determine whether children that have normal levels of 5-HT receptors at a young age present with deficits later in life or whether these individuals had 5-HT alterations throughout development. Since there were no differences in ligand binding affinity across each cortical region and ligand, it is unlikely our cohort had significant genetic risk in relationship to 5-HT 1A, 5-HT 2 , or 5-HTT, which would again indicate a compensation pattern of 5-HT alterations instead of a primary 5-HT causative factor.
As individuals with ASD are commonly prescribed SSRIs at a young age, the need for informed use of pharmacological interventions is warranted. Our data adds to the growing literature that caution should be taken toward SSRIs in children under the age of 16 and that the 5-HT system can be altered within distinct cortical regions and receptor subtypes.
The ACC has consistent neurochemical, cytoarchitectural, and connectivity differences in adults with idiopathic autism An intriguing result of the present study is the selective vulnerability of the ACC versus the PCC or FG due to changes in binding of 5-HT 2 receptors and 5-HTT only in the ACC. Previous studies identified cytoarchitectual changes, including increased packing density, in ACC subregions and increased neurons in the white matter just below layer VI in about half of the adult autism postmortem cases in the study (Simms et al. 2009 ). A multimodal imaging study found that the ACC cytoarchitectural changes related to symptom severity in individuals with neurodevelopmental conditions including autism (Forde et al. 2018) . In a recent landmark postmortem study of ACC connectivity, Zikopoulos et al. (2018) demonstrated an increased proportion of thin axons in the white matter just below the ACC from childhood through adulthood, which was indicative of hyper-connectivity to short range neighboring cortices and a decreased proportion of thick diameter axons below the ACC, representing hypoconnectivity of long range cortical connectivity.
Neurochemical differences in the autism ACC have been reported by Oblak et al. (2009 Oblak et al. ( , 2010 . These authors reported significant decreases in GABA-ARs and GABA-BRs in the ACC in adult postmortem autism cases in superficial (I-III) and deep layers (V-VI). A recent proton magnetic resonance spectroscopic study by Ito et al. (2017) reported hypoGABAergic alterations in children with autism, but normal glutamate markers suggesting that the ACC may contribute to excitatory/inhibitory imbalance in subjects with idiopathic autism.
Using cognitive measures, behavioral analysis, and functional magnetic resonance imaging tasks in adults with idiopathic autism, Balsters et al. (2017) concluded that the ACC is a critical component of social behavior and that socially-specific prediction errors occurred in the autism group. These authors also concluded that connectivity between the ventral medial prefrontal cortex and the ACC may represent a neural substrate underlying the social deficits. In fact, ACC activity can be monitored via 5-HT 2 receptors in rat pups as early as P10-P12 and is modulated by maternal contact, which increases local field potentials in low frequency bands (Courtiol et al. 2018) .
Collectively, these and other studies demonstrate that the ACC is a critical node for a variety of high-order functions in the neurotypical brain. In autism, there are both structural changes in cortical lamination in the ACC in early development and through adulthood, as well as neurochemical changes in critical neurotransmitter systems, which includes GABA and serotonin as demonstrated by significant alterations in receptor densities across superficial-deep lamina. This suggests that modulation of both input and output of the principal pyramidal neurons of the ACC may be impacted, potentially resulting in altered short and long-range connectivity differences and affecting a wide range of autism-related behaviors.
Summary and conclusions
Some SSRIs administered to individuals with autism reported successful treatment of various symptoms, but citalopram hydrobromide had variable results that included harmful effects when administered to children. Previous studies have reported more favorable results when citalopram was administered to autistic individuals with specific polymorphisms. SSRIs mainly target the serotonin transporter and its blocking action allows 5-HT to persist at the synapse. SSRIs are drugs that typically also affect other 5-HT receptors, as well as dopamine and other receptor types. Multiple concentration ligand binding autoradiography is still a very useful tool to quantify the number (B max ) and affinity (K D ) of a variety of receptor types and was applied to this study investigating whether 5-HTT and other major subtypes of 5-HT receptors (5-HT 2 and 5-HT 1A ) had significant changes in children and/or adult autism cohorts as compared to neurotypically developing individuals. Receptor density (B max ) changes were seen in 3 [H]-citalopram labeled 5-HTT and in 3 [H]-ketanserin labeled 5-HT 2 receptors in the adult autism group in the ACC only, but not in children. Furthermore, there were no changes in 3 [H]-8-OH-DPAT labeled 5-HT 1A receptors in any of the groups or cortices. This study therefore provides further evidence that the ACC is a highly vulnerable region in autism, with changes in a number of receptor types that may contribute to the excitatory/inhibitory imbalance in the autism brain via disruptions in its cytoarchitecture and connectivity with other local and distant cortices. This could potentially have profound effects within cortical networks that, in part, underlie autism-related behaviors.
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